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Abstract:  
 
The crystal structure of the third polymorph of dibenzylsquaramide (Portell, A. et al., 2009), (fig. 
1) has been determined from laboratory X-ray powder diffraction data by means of direct space 
methods using the computing program FOX. (Favre-Nicolin and Černý, 2002) The structure 
resolution has not been straightforward due to several difficulties on the indexing process and in 
the space group assignment. The asymmetric unit contains two different conformers, which has 
implied an additional difficulty during the Rietveld (Rietveld, 1969) refinement. All these issues 
together with particular structural features of disquaramides are discussed. 
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I. INTRODUCTION 
We have recently conducted several studies on disecondary squaramides in the solid state and the 
existence of a robust head-to-tail supramolecular synthon has been reported. This synthon 
appears to be unbreakable, unless being the molecule itself covalently modified (Prohens et al., 
2012) or particular conformations forced by specific intramolecular interactions (Prohens, Portell 
and Alcobé, 2012). Polymorphism of dibenzylsquaramide was studied by some of us (Portell et 
al., 2009), and it was revealed that two room temperature polymorphs, forms B and C, transform 
into a metastable third form A at the same temperature. Unfortunately, only the crystal structures 
of forms A and C could be determined. Lattice parameters of form B were suggested but it was 
not possible to solve its crystal structure. Despite the facts of having a tiny amount of sample and 
of the preferred orientation problems caused by the habitual needle shape crystals, in this work 
the use of new high quality glass capillary, good resolution and high statistics laboratory powder 
XRD data, lead to a successful structure solution using direct space methodology. The results 
have enabled the discussion of relevant crystallographic features. 
 
Fig. 1. Dibenzylsquaramide  
II. EXPERIMENTAL: 
A. Synthesis  
The synthesis and structural identity of dibenzylsquaramide were determined spectroscopically 
(1H-RMN, 13C-NMR) and can be found elsewhere (Portell et al., 2009). 
B. X-ray diffraction 
Form B was measured in a PANalytical X’Pert PRO MPD powder diffractometer. Cu Kα 
radiation, capillary convergent transmission geometry with an elliptic mirror in the incident 
beam, Soller slits of 0.01 radians and PIXcel detector (active length 3.347º). The capillary 
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containing the sample was of 0.7 millimeters. Consecutive 2θ scans from 2 to 70º were measured 
and added. The total measuring time was 60 hours.  
C. DFT calculations 
The crystal structure of the form B of dibenzylsquaramide was optimized by density functional 
theory (DFT) (Hohenberg and Kohn, 1964; Kohn and Sham, 1965) periodic calculations 
performed within the generalized gradient approximation (GGA) (Perdew et al., 1997) using the 
Quantum Espresso program package (version 5.0.1). (Giannozzi et al., 1999) The optimization 
calculations were carried out starting from a Rietveld refined structure. In all calculations, the 
symmetry was kept fixed to the monoclinic space group Pc; a 2×10×8 k-point Monkhorst-Pack 
grid was used (Monkhorst and Pack, 1976); ultrasoft pseudopotentials were employed1 
(Vanderbilt, 1990); the wavefunctions were expanded into plane waves up to a kinetic energy 
cutoff of 60 Ry and a cutoff of 500 Ry was used for the charge density expansion. The 
optimization calculations were performed both without and with the inclusion of the semi-
empirical dispersion correction of Grimme (Grimme, 2006) to the GGA functional, as 
implemented in the Quantum Espresso package. (Barone et al., 2009) 
 
III. STRUCTURE DETERMINATION AND RIETVELD REFINEMENT OF FORM B:  
The use of high quality, good resolution and high statistics, capillary transmission powder 
diffraction data has been necessary to solve the crystal structure of form B of 
dibenzylsquaramide. The right indexation has been obtained using Dicvol04. (Boultif and Louër, 
2004) The crystal cell is not orthorhombic as previously reported (Portell et al., 2009) but 
monoclinic. The cell volume is about half of the orthorhombic previously reported. The final 
refined cell parameters are: a = 29.8769(16) Å, b = 6.0574(2) Å, c = 8.4662(2) Å, β = 
97.749(2)°; V = 1518.18(8) Å3.  Although the space group P21/c, with Z=2 was in principle 
possible, the crystal structure was successfully solved with space group Pc and Z=4, which 
implies that there are two molecules in the asymmetric unit. The crystal structure was solved by 

1 We used the ultrasoft pseudopotentials C.pbe-n-rrkjus.UPF,  N.pbe-n-rrkjus.UPF, O.pbe-n-
rrkjus.UPF and H.pbe-rrkjus.UPF from http://www.quantum-espresso.org (last visited October 
19,  2012). 
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means of direct space methods using the program FOX with the parallel tempering algorithm. In 
order to accelerate the process during the parallel tempering calculation, the powder pattern was 
truncated to 2θ = 35º (CuKα1). The starting model of 1 was previously optimized with the 
commercial program SPARTAN and some constraints were introduced to FOX, considering 
benzyls and cyclobutenes as rigid groups. Several trials of 20 million runs were performed. 
Subsequently the structure was refined by the Rietveld method with TOPAS 4.14 (Bruker AXS, 
2003) and FullProf. (Rodríguez-Carvajal, 1993) Figure 2 depicts the final Rietveld plot. Finally 
the structure was confirmed by the dispersion-corrected density-functional theory (DFT) 
calculations. 
  
 
Fig. 2. Final Rietveld plot for the crystal structure refinement of form B of dibenzylsquaramide. The plot shows the experimental 
powder XRD profile (red marks), the calculated powder XRD profile (black solid line), the difference profile (blue, lower line) 
and Bragg positions (green lines). Rietveld refinement: 2θ range: 2.501–69.984º; 5191 profile points; 305 refined variables; Rwp 
= 3.67 %, Rp= 2.75% (compared to the Le Bail fit: Rwp = 2.95%, Rp = 1.88%). 
 
IV. DISCUSSION 
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Description of form B crystal structure: 
Form B crystallizes in Pc group with Z’=2. The two molecules in the asymmetric unit show two 
different conformations as the result of the aromatic ring rotation (fig. 3). 
 
Fig. 3. Overlapped conformers in the asymmetric unit 
The main interaction is the expected hydrogen bonded head-to-tail motif in the direction of a 
axis formed between the two amide hydrogens and the carbonyl oxygens, as we have described 
recently (Portell et al., 2009; Prohens et al., 2011; Prohens et al., 2012; Prohens, Portell and 
Alcobé, 2012). Secondary π−π stacking and CH-π interactions can also be observed in the 
direction of b and c axis, respectively. The perfectly stacked arrangement of benzene rings was 
not observed, but a combination of edge-to-face and offset stacked geometry. (Hunter, et al., 
2001) Since the asymmetric unit contains two different conformers, there are two types of 
stacking arrangements. On the one hand, for the first array of molecules, the centroid-centroid 
distance is 5.27 Å, the lateral displacement distance is 4.86 Å and the interplanar distance is 
2.05 Å, with an angle between the rings of 37.77º. On the other hand, for the second array of 
molecules,  the centroid to centroid distance is 5.18Å, the perpendicular distance between the 
offset stacked rings is 4.63 Å with a displacement angle of 43.80° and lateral displacement of 
2.3 Å. In both cases, the offset stacked molecules form a zig–zag pattern (fig. 4).
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 Fig. 4. Crystal structure of form B showing aromatic interactions 
Once the structure was refined by the Rietved method, a verification was performed by means of 
periodic DFT. Generalized-gradient-approximations (GGA), like the PBE functional (Perdew et 
al., 1997) used in a first stage, tends to give cell parameters which are slightly overestimated. In 
the present case, however, the optimized "c" parameter is far too large: c = 9.7066 Å, (and a = 
30.6321 Å,  b = 6.0651 Å, β = 97.722°). Given that the "c" direction is associated with the stacking of 
the molecules, the large overstimation of this cell parameter can be ascribed to the difficulties 
met with most DFT functionals for the accurate description of the van der Waals interactions, 
which rule the stacking of the molecules. This is confirmed by the results obtained with the 
dispersion-corrected PBE functional: a = 29.4422 Å,  b = 5.9643 Å, c = 7.9376 Å, β = 96.848°; 
in much closer agreement with experiment.  
The fingerprint plots (Spackman and McKinnon, 2002)  of the two different conformers in the 
asymmetric unit show the same hydrogen bonding motif but subtle differences of packing, with 
de (left) and di (right) mapped in colour (in both cases red represents the closest contacts, and 
blue the most distant contacts) (fig. 5). 
 
 
 
c 
b 
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Fig. 5. Hirshfeld surfaces (McKinnon, Spackman and Mitchell, 2004; Wolff et al., 2007) (below) and fingerprint plots (above) of 
both conformers. 
 
In principle, self-assembled chains of disecondary squaramides can be oriented in three different 
manners: parallel, antiparallel, and unparallel alignments with implications in the crystal polarity 
which can produce Non-Linear Optical (NLO) materials (fig. 6). Since the molecular dipole 
moment of dibenzylsquaramide is high2, the most likely alignment expected is the antiparallel 

2The calculated dipole moment of dibenzylsquaramide is 8.15 D calculated through DFT using 
the B3LYP/6-31G* functional. 
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one, which minimizes the net dipole moment in the crystal. (Glaser, Knotts and Wu, 2003) Form 
B shows an antiparallel alignment, as previously reported for form C, whereas form A 
crystallizes in an unparallel configuration, with an angle of 144º between the dipole moment 
vectors of slightly antiparallel chains.    
 
Fig. 6. Different possible combinations of dipole moment alignment; (a) antiparallel, (b) parallel and (c) unparallel, showing the 
angle between dipole moment vectors. 
 
Conclusions: 
Despite the difficulties met during the indexing process, the crystal structure of an elusive 
polymorph of dibenzylsquaramide has been solved from good quality laboratory PXRD data. 
Further studies are being conducted to solve a fourth high temperature polymorph of 
dibenzylsquaramide, which could convert it in one of the scarce polymorphic compounds with 
four determined crystal structures. We are currently exploring the NLO properties of form A, 
which presents a net dipolar moment in the crystal. 
α 
a c 
b 
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CCDC 914675 contains the supplementary crystallographic data for this paper. These data can be 
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif or by emailing 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 
12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033. 
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